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Successful chemotaxis requires not only increased
motility but also sustained directionality. Here, we
show that, during neutrophil chemotaxis via recep-
tors coupled with the Gi family of heterotrimeric
G proteins, directional movement is regulated by
mInsc, a mammalian protein distantly related to
the Drosophila polarity-organizer Inscuteable. The
GDP-bound, Gbg-free Gai subunit accumulates at
the front of chemotaxing neutrophils to recruit
mInsc—complexed with the Par3-aPKC evolution-
arily conserved polarity complex—via LGN/AGS3
that simultaneously binds to Gai-GDP and mInsc.
Both mInsc-deficient and aPKC-blocked neutrophils
exhibit a normalmotile activity butmigrate in an undi-
rected manner. mInsc deficiency prevents neutro-
phils from efficiently stabilizing pseudopods at the
leading edge; the stability is restored by wild-type
mInsc, but not by a mutant protein defective in bind-
ing to LGN/AGS3. Thus, mInsc controls directional
migration via noncanonical G protein signaling, in
which Gbg-free Gai-GDP, a product from Gai-GTP
releasedafter receptor activation, playsacentral role.
INTRODUCTION
Cell movement directed by a gradient of a diffusible chemoat-
tractant is known as chemotaxis, which plays a vital role in devel-
opmental morphogenesis and immune responses. The fastest
moving cells in higher animals are neutrophils, crucial for host
defense; they migrate toward the source of chemoattractants,
which are derived from invading microbes and/or produced by
infected hosts, to arrive correctly at sites of infection for path-
ogen killing (Nathan, 2006). Neutrophil chemotaxis is elicited
via chemoattractant receptors that are coupled with the Gi family
of heterotrimeric G proteins (Neptune and Bourne, 1997; Rickert
et al., 2000). In general, ligand binding to G protein-coupled292 Developmental Cell 26, 292–302, August 12, 2013 ª2013 Elseviereceptors (GPCRs) triggers GDP/GTP exchange on Ga, which
leads to heterotrimer dissociation to Ga-GTP and Gbg. In the
canonical trimeric G protein pathway, Ga-GTP and Gbg interact
with their respective effector proteins to transduce intracellular
signals (Oldham and Hamm, 2008). In neutrophil chemotaxis,
Gbg is known to promote cell motility by activating its target mol-
ecules such as the type IB phosphatidylinositol 3-kinase (PI3Kg),
a PtdIns(3,4,5)P3-producing enzyme (Nishikimi et al., 2009; Ste-
phens et al., 2008). However, it has remained to be elucidated
how Gai functions during chemotaxis of fast-migrating cells
such as neutrophils: an effector for Gai-GTP in chemotaxis has
not been identified.
Successful chemotaxis requires both increased motility and
sustaineddirectionality. In response toGPCR-directed chemoat-
tractants, such as the bacterial peptide N-formyl-methionyl-
leucyl-phenylalanine (fMLP) and the complement fragment
C5a, neutrophils polarize to form an F-actin-rich leading edge
(pseudopod) for motility and stabilize the front-to-rear polarity
to maintain directionality during chemotaxis (Petrie et al., 2009;
Rickert et al., 2000; Ridley et al., 2003; Stephens et al., 2008).
Downstream of PI3Kg that is directly activated by Gbg, the Rho
family small GTPase Rac is converted into the active formmainly
by Dock2, a PtdIns(3,4,5)P3-dependent guanine nucleotide
exchange factor (GEF) (Kunisaki et al., 2006; Nishikimi et al.,
2009); active Rac induces F-actin formation at pseudopods,
which provides the primary driving force of neutrophil locomotion
(Berzat and Hall, 2010; Wang, 2009). On the other hand, molecu-
larmechanisms bywhich neutrophilsmaintain polarity tomove in
a correct direction have not been fully understood.
Cell polarization is achieved by the concerted actions of evolu-
tionarily conserved proteins (Iden and Collard, 2008; Knoblich,
2010; St Johnston and Ahringer, 2010). Among them, atypical
protein kinase C (aPKC) forms a constitutive dimer with Par6
via interaction between their N-terminal PB1 domains (Noda
et al., 2003; Sumimoto et al., 2007) and is considered to serve
as a master enzyme in animal cell polarization (Bryant and Mos-
tov, 2008; Prehoda, 2009). At the same time, aPKC can bind to
the adaptor protein Par3 (Goldstein andMacara, 2007; Knoblich,
2010; St Johnston and Ahringer, 2010), and the Par3-Par6-aPKC
complex contributes to polarization in a variety of cells: mamma-
lian epithelial cells, where the complex induces formation of ther Inc.
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2007; St Johnston and Ahringer, 2010); slowly migrating cells
such as keratinocytes and epithelial-like cells (Nakayama et al.,
2008; Pegtel et al., 2007); and neuroblasts in the fruit fly
Drosophila melanogaster during asymmetric division (Knoblich,
2010). In Drosophila neuroblasts, the Par3 homolog Bazooka is
tethered to Pins (Partner of Inscuteable) by the cell polarity
protein Inscuteable, which leads to their apical accumulation
for asymmetric cell division. The distantly related mammalian
homolog of Inscuteable (mInsc) is also capable of simulta-
neously interacting with Par3 and a mammalian Pins homolog
(LGN or AGS3) (Izaki et al., 2006). LGN/AGS3 interacts with
mInsc via the N-terminal TPR motifs (Yuzawa et al., 2011) and
with Gbg-free Gai-GDP via the C-terminal GoLoco/GPR motifs;
it should be noted that this motif is specific for Gi family a sub-
units (Peterson et al., 2000; Sato et al., 2006; Willard et al.,
2004). Although mInsc has been shown to participate in mitotic
spindle orientation in epidermal cells and neural progenitors
(Lechler and Fuchs, 2005; Postiglione et al., 2011; Williams
et al., 2011; Zigman et al., 2005), it has remained unknown
whether the mInsc-LGN/AGS3 heterodimer and the Par3-Par6-
aPKC complex function in chemotaxis of fast-migrating cells
such as neutrophils.
In the present study, we show that mInsc regulates direction-
ality during neutrophil chemotaxis. Chemoattractant binding to
GPCR induces accumulation of Gbg-free Gai-GDP at the front
of migrating neutrophils; Gai-GDP is likely produced by the
intrinsic GTPase activity of Gai from Gai-GTP, which has been
released upon GPCR activation. Gbg-free Gai-GDP directly
binds to LGN/AGS3 complexed with mInsc, which results in
mInsc-mediated targeting of the Par3-Par6-aPKC complex to
the leading edge. This signaling pathway is crucial for directional
control during neutrophil chemotaxis because both mInsc-defi-
cient and aPKC-blocked neutrophils exhibit a normal motile
activity butmigrate in an undirectedmanner. Furthermore, mInsc
deficiency destabilizes pseudopod protrusion at the leading
edge of migrating neutrophils; the stability is restored by wild-
type (WT) mInsc, but not by a mutant protein defective in binding
to LGN/AGS3. Thus, mInsc controls directional migration via a
noncanonical G protein signaling pathway, in which Ga-GDP
exerts a direct effect instead of Ga-GTP. The present model
appears to answer at least partly the long-standing question
why Gi is coupled to chemotactic receptors on neutrophils.
RESULTS
Gbg-Free Gai-GDP Accumulates at the Leading Edge
of Chemotaxing Neutrophils
Chemoattractant binding to its specific GPCR culminates in
release of GTP-bound Gai and the Gbg heterodimer. Because
GTP on Gai is converted to GDP by its intrinsic GTPase activity
before reassociation with Gbg, chemoattractant-stimulated cells
are expected to produce a considerable amount of Gbg-free
Gai-GDP, which may play a role in signal transduction. To test
this possibility, we used the GoLoco motif of the RGS12 protein
(R12GL) as a probe (Figure 1A). R12GL specifically binds to Gai
among G protein a subunits; importantly, R12GL binds solely to
free Gai-GDP, but not to the Gbg-complexed Gai-GDP or free
Gai-GTP (Kimple et al., 2001, 2002). In a gradient of fMLP, aDeveloppotent chemotactic ligand that activates Gi-coupled GPCR, in
a Zigmond chamber, bone marrow (BM) neutrophils became
polarized to form an F-actin-rich pseudopod toward the chemo-
attractant (Figure 1B). On fixed neutrophils, R12GL fused to
glutathione S-transferase (GST) (GST-R12GL) was overlaid, fol-
lowed by labeling with a fluorescent-conjugated anti-GST anti-
body. As shown in Figure 1B, GST-R12GL accumulated to the
leading edge, which indicates the presence of Gbg-free Gai-
GDP because the signal was not detected with GST-R12GL
(F1191R/R1206F), defective in binding to Gai-GDP (Figure 1A;
Takesono et al., 1999). In addition, the GST-R12GL signal was
not observed in neutrophils overexpressing bothGb andGg sub-
units to immediately retrieve Gbg-free Gai-GDP (Figure S1A
available online) or in neutrophils stimulated with GM-CSF (Fig-
ure S1B), a cytokine that induces neutrophil chemotaxis via its
specific tyrosine kinase-coupled receptor, but not via GPCRs
(Gomez-Cambronero et al., 2003). These findings indicate that
fMLP triggers enrichment of Gbg-free Gai-GDP at the leading
edge during chemotaxis. Furthermore, neutrophil treatment
with pertussis toxin, which ADP ribosylates Gai to inhibit
GPCR-mediated conversion of Gai-GDP to Gai-GTP (Oldham
and Hamm, 2008), resulted in a loss of the GST-R12GL signal
(Figure S1B), suggesting that the conversion precedes the accu-
mulation of Gai-GDP. In addition, we tried to detect Gai-GDP in
living cells but failed because expression of GFP-fused R12GL
prevented neutrophil chemotaxis (data not shown).
mInsc and AGS3 Are Recruited to the Leading Edge
of Chemotaxing Neutrophils
We next explored targets of Gbg-free Gai-GDP in chemotaxing
neutrophils. The mInsc partners LGN and AGS3 are known to
bind to Gbg-free Gai-GDP via the C-terminal GoLoco/GPR
motifs (Peterson et al., 2000; Sato et al., 2006; Willard et al.,
2004). AGS3 and LGN, as well as mInsc, were expressed in
mouse neutrophils (Figure S2). Consistent with accumulation of
Gbg-free Gai-GDP (Figure 1B), its target AGS3 did translocate
to the front of migrating neutrophils (Figures 1C and 1D). Intrigu-
ingly, the AGS3 partner mInsc was also recruited to the leading
edge (Figure 1E), as demonstrated by using anti-mInsc anti-
bodies prepared in the present study (Figure S2B). We sub-
sequently examined subcellular dynamics of mInsc during
chemotaxis by time-lapse video microscopy. In response to a
point source of fMLP, neutrophils expressing both GFP-mInsc
and mCherry (a cytoplasmic volume marker) (Yoo et al., 2010)
immediately polarized toward the chemoattractant (Figure 2A,
DIC). Ratiometric analysis (GFP-mInsc versusmCherry) revealed
that GFP-mInsc accumulates to the front of migrating neutro-
phils (Figure 2A; Movie S1), which agrees with localization of
endogenous mInsc (Figure 1E). Furthermore, mInsc localization
to the cell front is confirmed by a line-scan analysis of the distri-
bution of GFP-mInsc, mCherry, and CellMask Orange (a plasma
membrane marker) along the front-back axis of migrating
neutrophils (Figure S3).
mInsc binds to LGN/AGS3 via the N-terminal domain (Figures
2B–2D), a region sufficient for mInsc recruitment to the front of
migrating neutrophils (Figure 2E) and to the plasma membrane
of MDCK cells (Figures S3C–S3F), whereas mInsc interacted
with the polarity protein Par3 via the extreme C terminus (Figures
S3G and S3H). Thus, mInsc simultaneously binds to LGN/AGS3mental Cell 26, 292–302, August 12, 2013 ª2013 Elsevier Inc. 293
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Figure 1. Gbg-Free Gai-GDP, AGS3, and mInsc Accumulate at the Leading Edge of Neutrophils during Chemotaxis
(A) Interaction of Gai-GDP with R12GL in vitro. The sequence of the GoLoco motif of R12GL is shown; Phe1191 and Arg1206, residues mutated in this study, are
indicated in red. GDPbS-loaded Gai1 was pulled down with GST-R12GL. Precipitated proteins were subjected to SDS-PAGE and stained with CBB. Positions for
marker proteins are indicated in kilodaltons.
(B) Mouse neutrophils, placed in a Zigmond chamber with or without an fMLP gradient, were fixed and incubated with purified GST-R12GL, followed by staining
with a fluorescent-labeled anti-GST antibody (green), phalloidin (magenta), and Hoechst (blue).
(C–E) WT or mInsc/ neutrophils were stained using anti-AGS3 (C and D) or anti-mInsc (E) antibodies (green).
Scale bars, 10 mm. White arrowheads indicate fluorescent signals accumulated at the leading edge.
See also Figures S1 and S2.
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Role of mInsc in Neutrophil Chemotaxisand Par3; only these N- and C-terminal regions are well
conserved between mInsc and Drosophila Inscuteable (Izaki
et al., 2006; Yuzawa et al., 2011). We have recently determined
a crystal structure of mInsc complexed with LGN and shown
that theW31A/E42R substitution inmInscdisrupts the interaction294 Developmental Cell 26, 292–302, August 12, 2013 ª2013 Elseviewith LGN/AGS3 (Yuzawa et al., 2011). The mutant mInsc (W31A/
E42R) failed to accumulate to the leading edge (Figure 2A, right;
Movie S1), indicating that mInsc localizes via its interaction with
LGN/AGS3. Consistent with this, front localization of mInsc was
inhibited by overexpression of a C-terminal fragment of LGNr Inc.
AB C
D E F
Figure 2. mInsc Is Recruited to the Front of Migrating Neutrophils via Interaction with LGN/AGS3
(A) Neutrophils expressing GFP-mInsc (WT or W31A/E42R) (green) and mCherry (magenta) were stimulated with fMLP released from amicropipette. Ratiometric
images (GFP-mInsc versus mCherry) are also shown. DIC, differential interference contrast. See also Movie S1.
(B) Schematic representation of structures for full (FL) or various lengths of mInsc, LGN, and AGS3. LBD, LGN/AGS3-binding domain.
(C and D) Interaction of the N-terminal region of mInsc (1–134) with the LGN TPR region (1–349). Proteins containing an indicated tag in the lysate of COS-7 cells
(Lysate) were immunoprecipitated (IP) with an indicated antibody and analyzed by immunoblot (Blot) with an indicated antibody.
(E) Neutrophils expressing GFP-mInsc (1–134) or (135–532) were stimulated with fMLP supplied from a micropipette.
(F) Formation of the mInsc-LGN-Gai complex. GST-Gai2, preloaded with GTPgS or GDPbS, was pulled down with purified FLAG-mInsc and HA-LGN.
Precipitated proteins were subjected to SDS-PAGE and stained with CBB or analyzed by immunoblot with an indicated antibody.
Scale bars, 10 mm. White arrowheads indicate fluorescent signals accumulated at the leading edge.
See also Figure S3.
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Role of mInsc in Neutrophil Chemotaxis(Figure S1C). On the other hand, AGS3 localized to the cell front
even in the absence ofmInsc (Figures S1D andS2). Thus, recruit-
ment of mInsc, but not that of LGN/AGS3, requires mInsc-LGN/
AGS3 interaction. Indeed, LGN tethered mInsc to Gbg-free Gai-
GDP (Figure 2F); LGN interacted with mInsc via the N-terminalDevelopTPRdomain andwithGai-GDP via theC-terminal region contain-
ing four GoLocomotifs (Figures S3C–S3F). Taken together, fMLP
binding to GPCR leads to production of Gbg-free Gai-GDP,
which binds to LGN/AGS3 complexed with mInsc; as a result,
mInsc is recruited to the leading edge of migrating neutrophils.mental Cell 26, 292–302, August 12, 2013 ª2013 Elsevier Inc. 295
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Figure 3. mInsc Is Required for Direction-
ality Control during Neutrophil Chemotaxis
(A) Requirement of mInsc for efficient neutrophil
chemotaxis. Migration of WT or mInsc/ neutro-
phils in response to fMLP or C5a was measured in
transwell chemotaxis chambers. Results represent
the mean ± SD of three independent experiments.
*p < 0.01, Student’s t test.
(B) Dispensability of mInsc for chemoattractant-
induced superoxide production by neutrophils.WT
or mInsc/ neutrophils were stimulated with
fMLP, C5a, or PMA, and superoxide production
was determined by chemiluminescence change
using DIOGENES. Results represent the mean ±
SD of three independent experiments.
(C–E) Regulation by mInsc of directionality but not
motility during chemotaxis. Neutrophil migration
in an fMLP or C5a gradient in a m-Slide chemo-
taxis chamber was analyzed by time-lapse video
microscopy. The migration tracks of neutrophils
moving toward fMLP or C5a are shown in (C).
Directionality and mean velocity are shown in (D).
Results represent the mean ± SD of three inde-
pendent experiments. *p<0.01,Student’s t test. (E)
Scatter diagrams and box-and-whisker plots of the
directionalities of individual neutrophils. fMLP at
10, 3, or 1 mM was added as the source of che-
moattractant in the m-Slide chemotaxis chamber.
***p < 0.0001 and *p < 0.02, Mann-Whitney U test.
See also Figures S2 and S4 and Movie S2.
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Chemotaxis
To clarify the role of mInsc in neutrophil chemotaxis, we gener-
ated mInsc knockout mice (Figures S2A and S2B); the mInsc
mRNA was absent in BM neutrophils prepared from mInsc/
mice (Figure S2C). Using mInsc/ neutrophils, we performed
a transwell chemotaxis assay, in which cells migrated into the
bottom well containing a chemoattractant. In a gradient of the
Gi-coupled GPCR ligand fMLP, mInsc/ neutrophils migrated
less efficiently than WT cells (Figure 3A, left). A similar defect
was observed when C5a, a potent neutrophil chemoattractant
that activates the Gi-coupled C5a receptor, was used instead
of fMLP (Figure 3A, right). Thus, mInsc appears to regulate
GPCR-mediated neutrophil chemotaxis. In contrast, mInsc defi-
ciency did not affect chemoattractant-induced superoxide pro-
duction by neutrophils (Figure 3B), an event that requires the
Gbg-activated enzyme PI3Kg (Hawkins et al., 2010). PI3Kg-
catalyzed production of PtdIns(3,4,5)P3 was observed at the
front of mInsc/ neutrophils to an extent similar to that of WT
cells, when PtdIns(3,4,5)P3 was monitored with Akt-PH-GFP,
the PH domain of the protein kinase Akt fused to GFP (Fig-
ure S2D). PtdIns(3,4,5)P3-regulated phosphorylation of Akt also
occurred normally in mInsc/ neutrophils (Figure S2E). These
findings indicate that mInsc functions in neutrophil migration
primarily via Gai but not Gbg signaling from Gi-coupled chemo-
tactic receptors.296 Developmental Cell 26, 292–302, August 12, 2013 ª2013 Elsevier Inc.To know whether mInsc controls
motility or directionality, we performed
time-lapse and trajectory analyses of
chemotaxing neutrophils (Figure 3C;Movie S2) using an Ibidi m-Slide chemotaxis chamber (Molina-
Ortiz et al., 2009); directionality, i.e., the efficiency of directional
movement, was evaluated by calculating the y-forwardmigration
index (for details, see Experimental Procedures). The values of
the index of mInsc/ neutrophils were smaller than those of
WT cells in an fMLP or C5a gradient (Figures 3D and 3E), indi-
cating that directionality is impaired in mInsc/ neutrophils.
On the other hand, cell motility was not affected by mInsc defi-
ciency: no difference was observed in the mean velocity during
chemotaxis between WT and mInsc/ neutrophils (Figure 3D).
Thus, mInsc likely regulates directionality but not motility during
neutrophil chemotaxis. In contrast, the same analysis showed
that the PI3K inhibitor wortmannin prevents cell motility but
does not affect directionality (Figures S4A and S4B), which is
consistent with previous results obtained by similar methods
by Ferguson et al. (2007) and Nishio et al. (2007). The PI3K inhib-
itors wortmannin and LY294002 failed to block mInsc targeting
to the leading edge (Figures S4C and S4D), which supports
the conclusion that mInsc but not PI3K regulates directionality
during chemotaxis.
mInsc Participates in Stabilization of Pseudopods
during Neutrophil Chemotaxis
We next tested whether mInsc contributes to formation or stabi-
lization of pseudopods during neutrophil chemotaxis. It is well
known that stimulation with a uniformly applied chemoattractant
Developmental Cell
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cells display persistent polarity in chemoattractant gradients
(Iglesias and Devreotes, 2008). When uniformly stimulated with
fMLP, mInsc/ neutrophils formed a pseudopod with a polar-
ized F-actin accumulation to the same extent as WT cells
(Figures S5A and S5B); thus, mInsc is not required for polarity
establishment, an event required for cell motility. On the other
hand, in an fMLP gradient, pseudopods of mInsc-deficient neu-
trophils did not face the chemoattractant source effectively
compared with WT cells (Figures 4A and 4B), indicating that
mInsc stabilizes the pseudopod toward the chemoattractant
source. Neutrophils with the pseudopod facing the fMLP source
were also decreased by overexpressing an N-terminal or C-ter-
minal fragment of LGN as well as by an N-terminal moiety of
mInsc (Figure S5C), supporting the idea that mInsc functions
via its partner LGN/AGS3. Gbg-free Gai-GDP, a molecule that
directly binds to LGN/AGS3 and thus plays a crucial role in the
recruitment and function of mInsc (Figures 1, 2, S1, and S5C),
was scarcely accumulated in neutrophils stimulated uniformly
with fMLP (Figure S1E); this may be because a constant stimula-
tion, which is observed when cells are exposed to gradients, is
required to maintain Gai-GDP levels. These findings indicate
that mInsc maintains neutrophil polarity to stabilize the pseu-
dopod toward the chemoattractant source.
Chemotaxing cells are known to move by periodic extension
and retraction of pseudopods at the leading edge (Abercrombie
et al., 1970), and cells achieve directionally persistent migration
by stabilizing protrusions of pseudopods (Petrie et al., 2009).
Therefore, we next investigated pseudopod dynamics by
time-lapse video microscopy (for details, see Experimental
Procedures). As shown in Movie S3, mInsc/ neutrophils form
less-stable protrusion of pseudopods than WT cells, in addition
to formation of multiple pseudopods (Figure 4C). Kymographic
analysis (Bear et al., 2002) revealed that mInsc/ cells have
lower pseudopod persistence, compared with WT cells (Figures
4D and 4E). The persistence was restored by WT mInsc but not
by mInsc (W31A/E42R), defective in binding to LGN/AGS3 (Fig-
ure 4F), indicating that mInsc regulates pseudopod stability in an
LGN/AGS3-dependnet manner. To know the role of Gbg-free
Gai-GDP in pseudopod stabilization, we masked it by express-
ing a GoLoco motif-containing region of LGN (LGN-GL) in neu-
trophils (Figures 4G and 4H). As shown in Figure 4I, pseudopod
persistence was decreased by WT LGN-GL but not by LGN-GL
(R501A/R556A), a mutant protein incapable of interacting with
Gai-GDP (Figures 4G, 4H, and S5D). The findings indicate the
significance of Gai-GDP in pseudopod stabilization. Thus,
Gbg-free Gai-GDP appears to recruit the LGN/AGS3-mInsc
heterodimer to the leading edge to stabilize pseudopods, which
regulates directionality of migrating neutrophils.
mInsc Recruits the Par3-Par6-aPKC Complex to the
Pseudopod to Regulate Neutrophil Directionality during
Chemotaxis
We finally investigated molecules that function downstream of
mInsc during neutrophil chemotaxis. It has been reported that
Par3 is implicated in regulation of front-to-rear polarity of
migrating keratinocytes and epithelial-like cells (Nakayama
et al., 2008; Pegtel et al., 2007), although the role of mInsc in
these cells is presently unknown. As expected from the previousDevelopfinding that mInsc simultaneously interacts with Par3 and LGN/
AGS3 (Izaki et al., 2006), Par3 accumulated at the pseudopod
in WT neutrophils in a gradient of fMLP (Figure 5A). Importantly,
Par3 accumulation was abrogated by genetic ablation of mInsc
(Figure 5A). Thus, mInsc likely mediates chemoattractant-
induced recruitment of Par3 to the leading edge. mInsc-bound
Par3 is known to be capable of forming a complex with aPKC
(Izaki et al., 2006), an enzyme tightly dimerized with Par6
(Noda et al., 2003; Sumimoto et al., 2007). Indeed, in a gradient
of fMLP, mInsc facilitated recruitment of endogenous aPKC and
its partner Par6 to the pseudopod (Figures 5B–5D). To know the
role of aPKC, we tested the effect of aPKC inhibitors by time-
lapse and trajectory analyses in an fMLP gradient. As shown in
Figure 5E, a myristoylated inhibitory pseudosubstrate peptide
for aPKC (aPKC-PS) effectively blocked cell directionality during
chemotaxis, whereas it slightly enhanced cell motility. Consis-
tent with this, directionality was impaired strongly by Go¨6983,
a potent inhibitor of aPKC (Gschwendt et al., 1996), and only
slightly by BIM-1, an analogous compound that weakly inhibits
aPKC (Gschwendt et al., 1996; U¨berall et al., 1999) (Figure 5F);
on the other hand, these reagents did not affect cell motility.
These findings indicate that aPKC activity regulates directional
movement of neutrophils. Taken together, mInsc likely recruits
the Par3-Par6-aPKC complex to the leading edge, where
aPKC regulates directionality during neutrophil chemotaxis.
DISCUSSION
In the present study, we show that mInsc, an evolutionarily
conserved polarity protein, is recruited to the leading edge of
mammalian neutrophils and plays a crucial role in chemotaxis
by regulating cell directionality, but not motility. Genetic ablation
of mInsc impairs neutrophil migration in a gradient of the
chemoattractants fMLP and C5a that activate their respective
Gi-coupled receptors. Intriguingly, mInsc/ neutrophils exhibit
a normal motile activity but an impaired directional movement
because of their inability to maintain cell polarity. Indeed,
mInsc/ neutrophils are able to polarize upon chemoattractant
stimulation but fail to stabilize protrusions of pseudopods of che-
motaxing neutrophils, which stabilization is known to be required
for directionally persistent migration (Petrie et al., 2009).
It is well established that chemotaxis of fast-migrating cells
such as neutrophils is mainly mediated via Gi-coupled GPCRs
(Hawkins et al., 2010; Neptune and Bourne, 1997; Rickert
et al., 2000; Ridley et al., 2003). However, the reason for the pref-
erence toGi has remained unknown. Chemoattractant binding to
its specific GPCR elicits GDP/GTP exchange on Gai, which
leads to heterotrimer dissociation to Gai-GTP and Gbg. The
released Gbg interacts with effector proteins that drive chemo-
taxis. PI3Kg, a key effector of neutrophil chemotaxis, is activated
by direct binding of Gbg and considered to regulate cell motility
of migrating neutrophils (Stephens et al., 2008), which is also
supported by the present finding that the PI3K inhibitor wort-
mannin prevents motility, but not directionality. In the presence
of the PI3K product PtdIns(3,4,5)P3, Gbg can directly activate
P-Rex1, a GEF for Rac; P-Rex1 null neutrophils exhibit a slightly
reduced chemotactic activity with a mild defect in motility but
normal directionality (Dong et al., 2005; Welch et al., 2005). On
the other hand, neutrophil chemotaxis is severely impaired bymental Cell 26, 292–302, August 12, 2013 ª2013 Elsevier Inc. 297
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Figure 4. mInsc Participates in Stabilization of Pseudopods during Neutrophil Chemotaxis
(A and B) mInsc-mediated pseudopod orientation toward the chemoattractant source. WT or mInsc/ neutrophils migrating in an fMLP gradient were fixed and
stained with phalloidin (magenta) and Hoechst (blue) (A). Scale bar, 20 mm. Percentages of neutrophils facing the source of fMLP are shown in (B). Results
represent the mean ± SD of three independent experiments. **p < 0.001, Student’s t test.
(C) Role of mInsc in pseudopod stabilization. WT or mInsc/ neutrophils were stimulated with fMLP released from a micropipette, and their morphological
dynamics were analyzed by time-lapse video microscopy. An arrowhead indicates one of the two pseudopods in a single cell. Scale bar, 10 mm.
(D) Kymographs of pseudopod dynamics in a WT or mInsc/ neutrophil. The graphs were generated from data of Movie S3.
(E) Persistence of pseudopods in WT or mInsc/ neutrophils. Pseudopod persistence was expressed as the mean duration (red bars) ± SD (black bars) of each
pseudopod. ***p < 0.0001, Student’s t test.
(F) Persistence of pseudopods in neutrophils expressing GFP-mInsc (WT) or GFP-mInsc (W31A/E42R). mInsc (WT), WT mInsc; mInsc (W31A/E42R), a mutant
protein incapable of binding to LGN/AGS3. Pseudopod persistence was expressed as the mean duration (red bars) ± SD (black bars) of each pseudopod. ***p <
0.0001, Steel-Dwass test.
(G) Schematic representation of LGN-GL, an LGN fragment containing the first and second GoLoco motifs (amino acids 401–580). TPR, tetratricopeptide repeat.
Asterisks (*) indicate Arg501 and Arg556 in the GoLoco motifs.
(H) Interaction between LGN-GL and Gai-GDP. Recombinant GST-Gai1, preloaded with GDPbS, was incubated with FLAG-tagged LGN-GL (WT) or LGN-GL
(R501F/R556F) in the lysate of COS-7 cells (input) and pulled down with glutathione Sepharose beads. Precipitated proteins were subjected to SDS-PAGE and
stained with CBB or analyzed by immunoblot with an anti-FLAG antibody. See also Figure S5.
(I) Persistence of pseudopods in neutrophils expressingGFP-LGN-GL (WT) or GFP-LGN-GL (R501F/R556F). Pseudopod persistence was expressed as themean
duration (red bars) ± SD (black bars) of each pseudopod. ***p < 0.0001, Student’s t test.
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Role of mInsc in Neutrophil Chemotaxisablation of Dock2, another PtdIns(3,4,5)P3-dependent GEF for
Rac. Dock2 plays a predominant role in Gbg-elicited, PI3Kg-
medicated activation of Rac (Kunisaki et al., 2006; Nishikimi298 Developmental Cell 26, 292–302, August 12, 2013 ª2013 Elsevieet al., 2009); this GTPase induces F-actin formation at pseudo-
pods to provide the primary driving force of neutrophil locomo-
tion (Berzat and Hall, 2010; Wang, 2009). Gbg is also known tor Inc.
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(A–C) Requirement of mInsc for accumulation of Par3, Par6, and aPKC at the front of neutrophils during chemotaxis. Migrating neutrophils in an fMLP gradient in a
Zigmond chamber were fixed and stained with phalloidin (magenta), Hoechst (blue), and antibodies against Par3 (A), Par6 (B), or aPKC (C) (green). Scale bars,
10 mm.
(D) The graphs represent the percentages of neutrophils with polarized accumulation of Par3, Par6, or aPKC (arrowheads) at the pseudopod (mean ± SD of three
independent experiments). **p < 0.001, Student’s t test.
(E) Effect of the aPKC inhibitor aPKC-PS on neutrophil chemotaxis. Migration of neutrophils treated with 1 mM aPKC-PS was analyzed in an fMLP gradient in a
m-Slide chemotaxis chamber by time-lapse videomicroscopy. Directionality andmean velocity are shown. Results represent themean ± SD of three independent
experiments. *p < 0.01, Student’s t test.
(F) PKC inhibitors prevent cell directionality but not motility during neutrophil chemotaxis. Migration of neutrophils treated with vehicle (control), 3 mM BIM-1, or
3 mM Go¨6983 was analyzed as above. Results represent the mean ± SD of three independent experiments. **p < 0.001, Dunnett’s multiple comparison test.
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Role of mInsc in Neutrophil Chemotaxisdirectly activate the phospholipases PLCb2 and PLCb3, which
are involved in regulation of neutrophil chemotaxis (Tang et al.,
2011).
In contrast to much information about proteins conveying acti-
vation by Gbg, a target of Gai-GTP for chemotaxis has not been
identified. Because GTP on Gai is converted to GDP by the
intrinsic GTPase activity of the a subunit before reassociation
with Gbg, it seemed possible that a considerable amount of
Gbg-free Gai-GDP accumulates at the leading edge. Here, we
have developed an overlay assay using GST-fused R12GL to
detect Gbg-free Gai-GDP in cells and demonstrate that Gbg-
free Gai-GDP accumulates at the leading edge of chemotaxing
neutrophils in a gradient of fMLP. The significance of Gbg-free
Gai-GDP in chemotaxis is supported by the present observation
that masking of Gbg-free Gai-GDP destabilizes protrusions of
pseudopods of chemotaxing neutrophils.
We also show that AGS3, a protein capable of specifically
interacting with Gbg-free Gai-GDP, translocates to the leading
edge during neutrophil chemotaxis, consistent with the accumu-Developlation of Gbg-free Gai-GDP. AGS3/LGN likely recruits mInsc to
the leading edge via forming a stable complex; indeed, a mutant
mInsc that is defective in binding to AGS3/LGN is not recruited.
In addition, mInsc deficiency prevents neutrophils from effi-
ciently stabilizing pseudopod protrusion at the leading edge;
the stability is restored by WTmInsc, but not by a mutant protein
defective in binding to LGN/AGS3. Taken together, chemoat-
tractant-triggered accumulation of Gbg-free Gai-GDP induces
recruitment of mInsc to the leading edge of chemotaxing neu-
trophils via AGS3/LGN. This GPCR-elicited signaling pathway
is considered ‘‘noncanonical’’ in that Gai-GDP is used instead
of Gai-GTP.
The mInsc recruited to the leading edge of chemotaxing neu-
trophils serves as an adaptor protein that drives targeting of the
Par3-Par6-aPKC complex; it should be noted that mInsc is able
to simultaneously interact with Par3 and LGN/AGS3 (Izaki et al.,
2006). Indeed, the proteins in the complex all translocate to the
leading edge of WT neutrophils in an mInsc-dependent manner.
aPKC is thought to function as a master enzyme in a variety ofmental Cell 26, 292–302, August 12, 2013 ª2013 Elsevier Inc. 299
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Figure 6. A Model in which mInsc Regulates Directionality during
Neutrophil Chemotaxis via a Noncanonical Heterotrimeric G Protein
Signaling Pathway
See text for details.
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Role of mInsc in Neutrophil Chemotaxiscell-polarization processes (Bryant and Mostov, 2008; Hayase
et al., 2013; Prehoda, 2009) and also plays a critical role in
chemotaxis. Inhibitors for aPKC prevent directionality of
migrating neutrophils without blocking cell motility; specific inhi-
bition of cell directionality is also observed in mInsc/ neutro-
phils, supporting the idea that aPKC functions downstream of
mInsc. It is presently unknown how aPKC controls neutrophil
directionality. The aPKC substrate(s) involved in directionality
control should be identified in future studies.
In Drosophila, the orphan GPCR Tre-1 has been shown to
regulate cell polarity in both germ cell migration (Kunwar et al.,
2008) and asymmetric division of embryonic neuroblasts (Yosh-
iura et al., 2012). In the latter case, Tre-1 activates Gao by
receiving extrinsic signals from the epithelium on the apical
side of neuroblasts; GTP-bound Gao interacts with Pins, the
Drosophila homolog of LGN/AGS3, and thereby induces apical
recruitment of Inscuteable and the Par complex, leading to
determination of the apicobasal axis for asymmetric cell division
(Yoshiura et al., 2012). In mammalian neutrophils stimulated via
chemoattractant-liganded GPCRs, as shown here, LGN/AGS3
recruits mInsc and the Par complex to stabilize front-rear polarity
during chemotaxis, although LGN/AGS3 interacts with GDP-
bound Gai, but not GTP-bound Gai. Thus, Pins (LGN/AGS3)
and Inscuteable (mInsc) appear to have an evolutionarily
conserved role in cell polarization, where they function as a
mediator of extrinsic GPCR-G protein signaling to dictate the
position of the Par complex.
On the basis of the present findings, we propose a model by
which mInsc regulates neutrophil chemotaxis via a noncanonical
heterotrimeric-G protein signaling pathway (Figure 6). Chemoat-
tractant binding to its specific Gi-coupled GPCR induces GDP/
GTP exchange on Gai and subsequent heterotrimer dissociation
to Gai-GTP and Gbg. Released Gbg is known to interact with
effector proteins such as PI3Kg (Stephens et al., 2008) and
PIXa (a GEF for Cdc42) (Li et al., 2003) to function in chemotaxis
by promoting cell motility and also possibly by regulating cell
directionality. On the other hand, Gai-GTP is converted to Gai-300 Developmental Cell 26, 292–302, August 12, 2013 ª2013 ElsevieGDP, which in turn interacts directly with its specific target
LGN/AGS3 to recruit mInsc to the front of migrating neutrophils.
mInsc drives targeting of the Par3-Par6-aPKC complex to the
leading edge, where aPKC regulates cell directionality. It seems
possible that this targeting is facilitated by front accumulation of
Cdc42 activated via PIXa (Li et al., 2003) because Cdc42-GTP is
known to bind to Par6 and enhance membrane recruitment of
Par6-aPKC in other types of cell (Hayase et al., 2013). In this
context, it should be noted that PIXa- and Cdc42-deficient neu-
trophils are both impaired in directionality rather than motility
during chemotaxis (Li et al., 2003; Szczur et al., 2009). The pre-
sent model implies that neutrophil chemotaxis is regulated via a
noncanonical G protein signaling pathway, in which Gai-GDP
exerts a direct effect instead of Gai-GTP. The specific role for
Gai, as shown here, appears to answer at least partly the long-
standing question why Gi is coupled to chemotactic receptors
on fast-migrating cells such as neutrophils.
EXPERIMENTAL PROCEDURES
Mice
All mice experiments were performed in accordance with the guidelines of the
committee of Ethics of Animal Experiments, Faculty of Medical Sciences,
Kyushu University.
Zigmond Chamber Chemotaxis Assay
Neutrophils suspended in a modified Hanks’ buffer (140 mM NaCl, 5.4 mM
KCl, 1 mM Tris-HCl, 1.1 mM CaCl2, 0.4 mM MgSO4, 1 mM HEPES [pH 7.2])
containing 0.5% BSA were allowed to adhere to glass coverslips for 10 min
at 37C. The coverslips were rinsed and placed on a Zigmond chamber (Neuro
Probe) (Zigmond, 1977). Aliquots of the modified Hanks’ buffer were added to
one side of the chamber, whereas those of 10 mM fMLP solution in the same
buffer were added to the other side. The chambers were placed for 15 min
at 37C on a heated stage. Cells were then fixed for 10 min in 4% paraformal-
dehyde and permeabilized and blocked with 0.1% Triton X-100 in PBS
(137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, and 1.5 mM KH2PO4
[pH 7.4]) containing 3% BSA for 20 min. For Par3 staining, cells were fixed
for 10min in 4%PFA and for 5 s in methanol at20C. For aPKC staining, cells
were fixed inmethanol for 10 s at20Cand then blockedwith PBS containing
3% BSA for 20 min. Indirect immunofluorescence analysis was performed
using antibodies against AGS3, mInsc, Par3, Par6, or aPKC with Alexa Fluor
488-labeled secondary antibodies (Invitrogen). For F-actin staining, Alexa
Fluor 594-labeled phalloidin (Invitrogen) was used. Images were taken with a
microscope (Axiovert 200; Carl Zeiss MicroImaging) coupled to a camera
(Axiocam HRm; Carl Zeiss MicroImaging). Pseudopod orientation toward che-
moattractants was analyzed by F-actin staining: cells in which F-actin accu-
mulates within a 120 arc facing the source of fMLP are regarded as ones
with correct pseudopod orientation (mean ± SD of three independent experi-
ments; 200–300 cells were analyzed in each experiment).
Overlay Assay with GST-R12GL
R12GL (amino acids 1,184–1,228) (Kimple et al., 2001) was expressed in E. coli
as a GST-fusion protein and purified with glutathione Sepharose 4B
(GE Healthcare). Chemotaxing neutrophils on a Zigmond chamber were fixed
for 10 min in 4% PFA and permeabilized with 0.1% Triton X-100 in PBS
containing 3% BSA for 20 min at 4C. Cells were then incubated with purified
GST-R12GL (WT or F1191R/R1206F) (100 mg/ml) in PBS containing 0.1%
Triton X-100 and 1% BSA for 2 hr at 4C, followed by treatment for 1 hr at
4C with an Alexa Fluor 488-labeled anti-GST antibody (Invitrogen) in PBS
containing 3% BSA.
Micropipette Chemotaxis Assay
Neutrophils were transfected for 1.5–2 hr with the indicated expression vector
and stimulated with fMLP (10 mM) released from a micropipette (Femtotips;
Eppendorf), which generated a gradient of the chemoattractant by passiver Inc.
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Role of mInsc in Neutrophil Chemotaxisdiffusion, as previously described (Kunisaki et al., 2006; Nishikimi et al., 2009).
Images were taken at 5 or 7.7 s intervals for 2–4 min using the laser-scanning
confocal microscope LSM510 or LSM780 (Carl Zeiss MicroImaging). Staining
of the plasma membrane was performed by incubating cells for 60 s at room
temperature in a solution of CellMask Orange (0.1 mg/ml) (Invitrogen), as
described previously (Nishikimi et al., 2009). To generate ratiometric images,
fluorescent signals of GFP-mInsc were normalized against that of mCherry
(a cytoplasmic volume marker) using MetaMorph software (Molecular
Devices). Kymographs were created from time-lapse images in ImageJ soft-
ware (National Institutes of Health) by cropping a 3-pixel-wide rectangular
region oriented in the direction of protrusion and making a montage of time-
lapse sequences of cropped regions. For evaluation of the pseudopod stabil-
ity, duration of each pseudopod was measured; pseudopods were defined as
being granule-free regions of the cell that had some protrusive activity. Anal-
ysis was performed on at least 25 pseudopods from 20 to 30 independent
movies, and the mean duration keeping elongation activity (mean ± SD) is
shown as ‘‘persistence of pseudopods.’’
Transwell Chemotaxis Assay
Transwell chemotaxis assays were performed using 24-well transwell cham-
bers (pore size, 3.0 mm; Corning) as previously described by Kunisaki et al.
(2006). After a 1.5 hr incubation at 37C, the migrated cells into the lower
chamber were collected and stainedwith anti-Gr-1 and anti-Mac-1 antibodies.
The percentage of migrating neutrophils was calculated by dividing the num-
ber of Gr-1+Mac-1+ cells in the lower chamber by that of the input cells. Anal-
ysis was performed with a FACSCalibur flow cytometer (Becton Dickinson).
m-Slide Chemotaxis Assay
Neutrophils suspended in the modified Hanks’ buffer containing 0.1% BSA
were applied into the slide channel of the m-Slide chemotaxis chamber
(ibiTreat; Ibidi) (Grassinger et al., 2009; Molina-Ortiz et al., 2009) and incubated
for 10min at room temperature. Following cell attachment, chamber reservoirs
were filled with the modified Hanks’ buffer containing 0.1% BSA, and a che-
moattractant (10 mM fMLP or 1 mM C5a) was added in the upper reservoir
according to the manufacturer’s instructions. After 30 min, cell movement
was recorded at 1 min intervals for 20 min using a microscope (Axiovert 200)
coupled to a camera (Axiocam HRm). Tracks from each cell were determined
with Manual Tracking plug-in of ImageJ software. At least three independent
experiments were performed; 20–40 cells were analyzed in each experiment.
The mean velocity (motility) and y-forward migration index (directionality or the
efficiency of directed cell migration) were calculated with Chemotaxis and
Migration Tool plug-in (Ibidi) of ImageJ software (Foxman et al., 1999; Hattori
et al., 2010). The y-forward migration index (directionality) was defined as the
ratio of forward progress (net distance that the cell progressed along the
gradient axis, i.e., y axis) to the total path length (total distance that the cell
traveled through the field) (Foxman et al., 1999; Hattori et al., 2010).
Statistical Methods
Statistical analyses were performed by the Mann-Whitney U test (Figure 3E),
the Steel-Dwass test (Figure 4F), one-way ANOVA with Dunnett’s multiple
comparison test (Figures 5F and S5C), or the Student’s t test (other
experiments).
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